Abstract: Hydrolase activities of extracts from different parts of the bodies of parasitic (Theromyzon tessulatum, Piscicola geometra) and predatory (Erpobdella octoculata, Glossiphonia complanata) leeches were examined. The highest activity was detected in the extracts from sections containing the intestine. Hydrolase activities in the crop and intestine of parasitic leeches were higher than in predatory leeches. The high activity of most of hydrolases in those segments may indicate the intensity of digestion and absorption processes in leeches. A lack of trypsin activity and low chymotrypsin activity are likely to result from the presence of inhibitors of these enzymes. The high activity of the majority of the analyzed hydrolases in extracts derived from the head segment of predatory leeches enables, through digestion of tissues, their easy access to physiological fluids of a host. In turn, in extracts from the head segment of predatory leeches, only four hydrolases were shown to be active. Lipase activity was not found in any of the samples, while α-galactosidase activity was found only in extracts from the head segment of T. tessulatum and P. geometra. Trypsin activity was detected in the extract from the intestine contents of H. sanguisuga and in the extract from the head segment of P. geometra. The results demonstrate the presence of majority of hydrolases occurring in other animals in the alimentary tract of leeches. The study also shows that the crop of leeches is not only a food reservoir, but also the site where digestion and absorption processes take place.
Introduction
Strategies of leech nutrition, inclusive their development during evolution, have been considered in a number of papers (Sawyer 1986; Siddall & Burreson 1995 , 1996 , 1998 Apakupakul et al.1999; Siddall et al. 2006) . Evolutionary relationships among leeches show that ancestors of Hirudinida probably ingested blood and lived in freshwater environment. The investigations carried out by Apakupakul et al. (1999) stated that bloodfeeding in leeches was many times abandoned and carnivory was introduced. Coagulation inhibitors, which are likely to be inherited from the same ancestor, may support the common origin of many leech species. A lot of leech development lines that abandoned bloodfeeding during the evolution, probably possess genes encoding antithrombins and inhibitors of coagulation factor Xa (Siddall et al. 2006 ).
In terms of their feeding, leeches are a highly diversified group of animals, which clearly affects the structure and function of their alimentary tract. The structure of the anterior section of the alimentary tract is of key significance to leech taxonomy. In leeches belonging to the order of "Rhynchobdellida" [Glossiphonia complanata (L., 1758) , Theromyzon tessulatum (O. F. Müller, 1774) and Piscicola geometra (L., 1761)], the pharynx and part of the oseophagus are transformed into a retractable sucker used for absorbing food. The sucker contains numerous salivary glands and acts as a puncturing-sucking organ. Suckers occur in both hematophagous (T. tessulatum and P. geometra) and predatory leeches (G. complanata) consuming juices sucked out from their prey. Parasitic leeches may attach to a prey for the period of food absorption or longer, and leave the host only in their reproductive period.
Leeches belonging to the Arhynchobdellida possess a pharynx armed with three semicircular jaws, the edges of which may be filled with more or less numerous tiny teeth. The jawed leeches are temporary or constant ectoparasites, or exceptionally also predators. Haemopis sanguisuga (L., 1758) is an example of a predatory leech belonging to this order that feeds on oligochaetes, aquatic and land snails, clams, insect larvae, tadpoles and small fish. In autumn, 70% of its diet is made up of earthworms.
Leeches that belong to the Erpobdelliformes [Erpobdella octoculata (L., 1758)] possess a long, heavily muscled pharynx, the walls of which are strengthened with three oblong muscle folds. Members of this group are solely predators and feed on small invertebrates.
The enzyme system in leeches is not very welldeveloped and the digesting processes are aided by enzymes produced by symbiotic bacteria (Aeromonas, Pseudomonas, Xanthomonas, Klebsiella, Proteobacteria), which also produce antibiotics inhibiting the growth of other bacteria, and vitamins, mainly of the B group (Jennings & van der Lande 1967; Graf 1998; Kikuchi & Fukatsu 2002) . The alimentary tract of Hirudo medicinalis (L., 1758) is inhabited only by Aeromonas veronii, which has been found in 20% of patients treated with the medicinal leech (Graf 1998) .
The epithelium which lines the alimentary tract of leeches (gastrodermis) is not morphologically differentiated into secretive and absorptive parts, and histochemical examinations revealed the absence of digestive enzymes, such as endopeptidases, lipases or glucolytic enzymes (Jennings & van der Lande 1967; Sawyer 1986 ). On the other hand, exopeptidases as well as basic and acidic phosphatases were found to be highly active (Jennings & van der Lande 1967; Fischer 1970; van der Lande 1972) . According to the cited authors, majority of food digestion and absorption processes in leeches occur in their intestine, with exopeptidases (arylamidases) being the only enzymes produced which are capable to digest proteins. The absence of endopeptidases, which in most animals initiate digestive processes, slows down the protein digestion process in leeches. However, different results were obtained for H. medicinalis (Zebe et al. 1986; Roters & Zebe 1992b ). In the intestine of this species activities of three endopeptidases belonging to the class of serine proteases were detected. These enzymes are most probably produced by the leech, as they significantly differ from serine proteases found in vertebrates. One of them is a trypsin-like protease, the other two are chymotrypsin-like ones. Moreover, extracts from H. medicinalis were also found to contain active protease inhibitors that prevent blood decomposition by proteases produced by bacteria or contained in leukocytes (Zebe et al. 1986; Roters & Zebe 1992a; Baskova & Zavalova 2001) . Activity of rennin that belongs to the class of aspartyl proteases, was found in the extract derived from the anterior segment of T. tessulatum (Salzet & Stefano 1997) . Esterase and hyaluronidase activities were found in extracts from the anterior segments of leeches with various feeding strategies and most probably play an important role in food intake (van der Lande 1968; Hovingh & Linker 1999) .
The objective of the present study was to examine activities of hydrolytic enzymes in various parts of the body of leeches with various feeding strategies.
Material and methods
The experiment was conducted on leeches from the order "Rhynchobdellida" (Glossiphonia complanata, Theromyzon tessulatum and Piscicola geometra), Erpobdelliformes (Erpobdella octoculata) and Arhynchobdellida (Haemopis sanguisuga). The leeches differ in their feeding strategies; they are either predators (E. octooculata, H. sanguisuga), feed on juices sucked out of their preys (G. complanata), or parasites which feed on blood (T. tessulatum, P. geometra).
Wild leeches were caught in the Lyna River (northern Poland), near Posorty, and parasitic leeches were collected from fish caught in small lakes near Olsztyn during the winter of 2004/2005 . In order to eliminate bacteria and fungi, the leeches were kept for two days in an aqueous solution of antibiotics and fungicides (penicillin 100 U ml −1 , streptomycin 100 µl ml −1 , nystatin 100 U ml −1 ). The leeches were killed by freezing at −20 • C. Small leeches (E. octoculata, G. complanata, T. tessulatum, P. geometra) were cut into three segments: the head segment with the anterior sucker containing the mouth, the middle segment containing the crop and the posterior segment containing the intestine. In H. sanguisuga, the alimentary tract was isolated and divided into three sections: the head segment contained the throat, the middle part contained the crop and the posterior part contained the intestine. After isolating, the intestine was cut lengthwise and its contents were washed out with 1 ml of physiological saline. The samples were pounded in a Potter homogeniser with the addition of 1 ml of physiological saline and sand until a homogenous suspension was obtained. The homogenates were centrifuged for 10 min at 3,000 g. Supernatants were used for the determination of enzyme activity.
Hydrolase activity was determined with an API ZYM test, manufactured (Bio Merieux S.A., Lyon, France). The test contains substrates which enable the determination of the activity of 19 hydrolases (Table 1) . A 65 µl portion of the examined solution containing about 100 µg of protein was put into wells with the appropriate substrates and incubated for 4 h at 37
• C. The protein content was determined according to Bradford (1976) . The results were read according to the manufacturer's instructions. Hydrolase activity was determined in nanomoles (nM) of the hydrolyzed substrate.
Proteolytic activity (trypsin and pepsin) was determined by the Anson's method (K lyszejko-Stefanowicz 2005) , with the use of 2% hemoglobin, denatured with urea and dissolved in a buffer solution. The following buffers were used: 0.2 M borate buffer, pH 7.8 and 9.0, and 0.1 M citric acid-sodium citrate buffer, pH 2.0 and 4.0, respectively (for details see K lyszejko-Stefanowicz 2005). The reaction was conducted for 30 min at 37
• C. The results were expressed in Anson's milliunits, after converting them to 1 mg of protein.
The analyses for enzymatic activities were carried out in triplicates and standard deviations were calculated.
The gelatin decomposing activity of the extracts was examined with the use of overexposed and developed photographic films (Henry et al. 1974; Cheung et al. 1991) . A Kodak film was placed in a slide frame and 3 µl of a sample mixed with 3 µl of the appropriate buffer solution was put onto each piece of film. These analyses were made with the same buffer solutions as the proteolytic activity analyses. Control samples, containing physiological saline with the appropriate buffer, were placed next to the analyzed samples. The frames with the samples were put into humid chambers and incubated for 60 min at 37
• C, then rinsed with running tap water. The films were viewed under a microscope and the degree of digestion of the film gelatinous coating was assessed visually. Each sample was analyzed three times.
Results
Hydrolase activity measurements in extracts from H. sanguisuga are presented in Table 1 , whereas those obtained for extracts from E. octoculata, G. complanata, T. tessulatum and P. geometra are shown in Table 2 .
In consecutive segments of the alimentary tract of H. sanguisuga, the determined number of active hydrolases was similar. Neither lipase nor α-galactosidase activities were detected in any of the segments examined, Explanations: H -head, C -crop, IC -intestine contents, IW -extract from the intestine wall.
whereas trypsin activity was demonstrated only in extracts from intestinal contents (Table 1) . Lipase activity was not found in any of the samples, while α-galactosidase activity was detected only in extracts from the head segment of T. tessulatum and P. geometra (Table 2) . Trypsin activity was found only in the extract from the head segment of P. geometra. Five out of the nineteen hydrolases under study were detected in extracts from the anterior part of the body of E. octoculata and G. complanata. The extracts from the same part of T. tessulatum and P. geometra contained 16 and 18 active hydrolases, respectively. Extracts from the crop of all leeches were found to contain most of the hydrolases. Hydrolase activities in extracts from E. octoculata and G. complanata were, in most cases, higher than in T. tessulatum and P. geometra. Hydrolase activities in extracts from intestines were similar in all leeches.
Protease activities in particular parts of a leech body are presented in Table 3 . No proteolytic activity was found in any of the samples under acidic environments (pH 2.0 and 4.0). Under basic environments (pH 7.8 and pH 9.0), trypsin activity was detected in intestines of all the leeches examined. At pH 7.8, trypsin activity was much higher than at pH 9.0. The highest activity of the enzyme was found in the intestines of H. sanguisuga.
The test with the photographic film revealed the presence of gelatin digesting proteases in extracts from the crop and intestines of all leeches. When placed in pH 7.8 and pH 9 buffers, the analyzed extracts completely digested the gelatin layer after 60 min incubation. At the same time, the extracts in pH 2.0 and pH 4.0 buffers made the film only a little thinner -they did not digest the gelatin layer completely.
Discussion
In majority of leeches, food accumulates and is stored in the crop, while most of the food digestion and absorption take place in the undifferentiated intestine (Jennings & van der Lande 1967; van der Lande 1968;  Explanations: E -Erpobdella octooculata,
G -Glossiphonia complanata,
T -Theromyzon tessulatum, P -Piscicola geometra. For explanations see Table 1 and 2.
Sawyer 1986). Only in G. complanata, P. geometra and Helobdella stagnalis (L., 1758), digestion and absorption start in the crop (Jennings & van der Lande 1967) . Erythrocytes in the food are completely digested in the crop of P. geometra within 10 days. The process of erythrocyte digestion is enabled by esterases, produced in the leech's salivary glands. The high enzyme activities in the salivary glands enable the leech to digest host tissues and absorb nutrients. However, esterase activity was not detected in other leeches (H. medicinalis, G. complanata, H. stagnalis, T. tessulatum, H. marginata, P. muricata, P. anarrhicae) (Jennings & van der Lande 1967; van der Lande 1968) . This study revealed the activity of a number of hydrolases in crop extracts of leeches (Table 2) , except trypsin, lipase and α-galactosidase. The activity of most enzymes was higher in parasitic leeches than in the predatory ones. The results may indicate that the digestion processes in the crop are accompanied by absorption; proof of this may be the high activity of acidic and basic phosphatases, i.e., the enzymes related to intermembrane transport. Mainly water and water-soluble substances, i.e., salts and glucose, as well as products of digestion with esterases in P. geometra, are absorbed in the crop (Jennings & van der Lande 1967) . The absence of trypsin activity and a low chymotrypsin activity in the crop may be caused by the presence of inhibitors of these enzymes. For example, the crop of H. medicinalis was shown to contain two protease inhibitors (Roters & Zebe 1992a; Baskova & Zavalova 2001) . These inhibitors can be categorized under two types: bdelins that inhibit activity of trypsin, plasmin, acrosin, and eglins that inhibit the activity of chymotrypsin, elastin, cathepsin D and subtilisin.
Aminopeptidases are the main -perhaps even the only -enzymes which take part in the process of protein digestion in Hirudinida (Jennings & van der Lande 1967; Fischer 1970; van der Lande 1972) . High activities of these enzymes have been found in the intestine of various leeches. According to the cited authors, aminopeptidases are constantly present in the leeches alimentary tract, regardless the presence of food, the time that has passed since the last meal, the leeches' age or the manner of feeding. Aminopeptidase activity in particular parts of leech alimentary tract varies (van der Lande 1972) -the highest activity was found in the central part of the intestine. The results of the present study are largely consistent with results of previous investigations. High aminopeptidase activity was found in most samples and it was much higher in the intestine than in the crop (Tables 1, 2) . The aminopeptidase activity in H. sanguisuga was much higher in the intestine wall than in the chyme, which may indicate that, like in other animals, the enzymes are produced by the intestine brush border (Table 1 ). According to the authors cited above, no proteases, i.e., trypsin and chymotrypsin, are present in leeches, which makes proteolysis much longer than in other animals where subsequent action of endo-and exopeptidases takes place. Apart from aminopeptidase activity, this study also revealed endoprotease activity. Chymotrypsin activity was found in all sections of the leech body, except for the head segments of E. octoculata and G. complanata. With the use of synthetic substrates, trypsin activity was found in the head segment of P. geometra and in the chyme of H. sanguisuga, however, when haemoglobin was used as a substrate, trypsin activity was found in the intestines of all leeches (Table 3) . The results of this study can be compared to those obtained for H. medicinalis (Roters & Zebe 1992b ). The activity of three different endoproteases belonging to the class of serine proteases was found in the intestine extract of the leech. One of them was a trypsin-like protease and the other two were chymotrypsin-like ones. Proteases E1 and E2 lost their activity at pH 3, while protease E3 kept its activity in the acidic environment for many days. These enzymes are very similar to those present in the intestine of Polychaeta [Arenicola marina (L., 1758)] and are very different from the proteases produced by vertebrates. The proteases digested natural substrates, such as albumin and hemoglobin as well as synthetic substrates. The absence of endoprotease activity, observed by Jennings & van der Lande (1967) , Fischer (1970) or van der Lande (1972), may have been caused by the use of short-chain synthetic substrates for the analyses. Proteases of invertebrates are better at digesting natural substrates (haemoglobin, gelatine) with long polypeptide chains than synthetic peptides (Moczoń & Wranicz 1999) .
In all samples examined in the present study, high activities were detected for enzymes which belong to the esterase subclass. The activity levels of acidic and basic phosphatases as well as naphthalene-AS-BI phosphohydrolase were very high in all samples. The results are consistent with those obtained in earlier studies (Jennings & van der Lande 1967) . Employing histochem-istry, the authors detected high activities of basic and acidic phosphatases in the endothelium of the crop and intestine of nine leech species [H. medicinalis, E. octoculata, G. complanata, H. stagnalis, T. tessulatum, Hemiclepsis marginata (O. F. Müller, 1774), P. geometra, Pontobdella muricata (L., 1758), Platybdella anarrhicae (Diesing, 1858)]. Acidic and basic phosphatases were shown to be active in the leech alimentary tract, regardless of whether the individual leeches starved or fed regularly. The authors found both types of phosphatases in Hirudinida to be responsible for the absorption of nutrients. As in other invertebrates (Fasciola hepatica L., 1758), these enzymes are associated with intermembranous transport (Humiczewska 2002) . Van der Lande (1968) found esterase activity only in P. geometra, but not in the other seven leech species (H. medicinalis, G. complanata, H. stagnalis, T. tessulatum, H. marginata, P. muricata, P. anarrhicae). In her opinion, the particularly high activity of the enzyme in salivary glands of P. geometra is associated with digestion of host tissues. In the present study, esterase and esterase lipase activities were detected only in the head segment of parasitic leeches, which may be associated with the digestion of host tissues. However, none of the samples showed lipase activity, which is consistent with the results of van der Lande (1968) . The absence of lipase activity in the alimentary tract of leeches may be due to two facts, a low amount of fat in the diet of Hirudinida or the presence of various bacteria strains in their alimentary tract; the bacteria took over the functions of lipase, and the process of fat digestion can be continued by esterases (van der Lande 1968). Both enzymes -lipase and esterase -are common in parasitic invertebrates and are associated with fat digestion (Humiczewska & Rajski 2005) .
The available literature does not contain any reports on the activity of glucosidases in leeches and only low β-glucuronidase activity was found in muscles of leeches (Jennings & van der Lande 1967) . However, high activity of most glucosidases was detected in all samples in this study (Tables 1, 2 ). Glucosidase activity in extracts from the head segment was found only in parasitic leeches. Similarly, the activity of the enzymes in extracts from the crop was, in most cases, higher in parasitic than in predatory leeches.
High activity of N-acetyl-β-glucosominidase was found in all samples analysed in the present study. The enzyme is commonly known to hydrolyze products of hyaluronic acid decomposition. Hyaluronic acid is one of the major components of connective tissue. Hyaluronidase activity was also found in nine leech species with various feeding strategies, i.e., Nephelopsis obscura, Verrill, 1872, Dina punctata Johansson, 1927, Desserobdella picta (Verrill, 1872), H. medicinalis, G. complanata, H. stagnalis, Placobdella ornata (Verrill, 1872), Theromyzon sp., and Haemopis marmorata (Say, 1824) (Hovingh & Linker 1999) . Two hyaluronidase types were detected in these species. Both enzymes were found in macrophagous and hematophagous leeches, while leeches which feed only on liquid food contained only hyaluronidase II. Hyaluronidase I helps digest the preys or hosts tissues, while hyaluronidase II reduces tissue viscosity and increases the flow rate of nutrients from the host to the leech (Hovingh & Linker 1999) .
Many hydrolases are produced in the alimentary tract of parasitic invertebrates, but they are also released to the environment. They are produced by cells situated in the oesophagus or by secretive glands and are referred to as excretive-secretive products (ES). The composition of the products has been particularly well-studied in Platyhelminthes and Nematoda (Ruitenberg & Loendersloot 1971; Hinck & Ivey 1976; Matthews 1984; Knox & Kennedy 1998; Moczoń & Wranicz 1999; Jefferies et al. 2001; Irwin et al. 2004 ). The enzymes contained in ES products (phosphatases, aminopeptydases, oxidoreductases, esterases, glucosidases) are referred to as penetrating enzymes. They perform many functions -they decompose the tissue barrier, inhibit the process of host blood coagulation and defend the parasite from the response of the host's immunological system. Activities of eight different glucosidases (α-galactosidase, β-galactosidase, β-glucuronidase, β-glucosidase, β-Nacetyl-hexosaminidase, α-mannosidase, α-fucosidase, neuraminidase) were found in the ES products of F. hepatica, apart from proteases (Irwin et al. 2004 ). These enzymes digest glucoproteins, thereby enabling the parasite to penetrate a host epithelium. In contrast, there are only few reports on the presence of these products in ectoparasites. Activities of esterases, aminopeptidases, proteases, acidic and basic phosphatases and lipases have been detected in salivary glands of hematophagous ticks and are believed to facilitate penetration of the host skin (Buczek & Magdoń 1998) .
In Hirudinida, no data exist on the presence of enzymes that would facilitate the penetration of host tissues. In this study, much more active hydrolases were found in the head section of parasitic leeches than in predatory ones. The results indicate that hydrolases produced by salivary glands located in the head segment, may play a significant role in the process of food intake by leeches. High activities of esterases and acidic and basic phosphatases were previously found in salivary glands of P. geometra (Jennings & van der Lande 1967; van der Lande 1968) . In this species, β-esterase activity was predominant in salivary and epidermis glands, whereas cholinesterase activity dominated in the posterior sucker, whereby the enzymes contained in salivary glands are responsible for dissolving the mucus which covers the host skin. In the present study, high aminopeptidase and glucosidase activities along with high activities of phosphatases and esterases were detected in the head segment of parasitic leeches. These are enzymes which, in other parasites (Hinck & Ivey 1976; Knox & Kennedy 1998; Irwin et al. 2004 ), take part in digesting the tissue barrier, thereby enabling penetration into the host body and moving inside it. In parasitic leeches, these enzymes may take part in digesting the tissue barrier and facilitate the penetration of the host body to reach its blood vessels and sub-sequent food intake. In predatory leeches which often consume large invertebrates, the enzymes produced in the anterior body segments may initiate the digestion process.
The results of the present study demonstrate the presence of majority of hydrolases occurring in other animals in the gastrointestinal tract of leeches. These enzymes are produced by leeches and not by bacteria whose numbers were reduced through prior incubation of the leeches in a solution of antibiotics and fungicides. The high activity of hydrolases in the head segment of H. sanguisuga allows consumption of animals often much bigger than the leech itself, e.g., earthworms or dragonfly larvae. In parasitic leeches, the high number of hydrolases in the head segment enables them to digest mucus covering the host body (fish) and then tissues which, in turn, facilitates their access to the physiological fluids of the host.
